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Abstract

The development of a YBa,Cuy0- 5 (YBCO) hot-clectron bolometer (HEB)Y quasioptical mixer for a
2.5 THz heterodyne receiver is discussed. The modeled device is @ submicron bridge made from a 10 nm
thick film on « high thermal conductance substrate. The mixer performance expected for this device is
analyzed in the framework of a two-temperature moded which includes heating both of the electrons and the
lattice. Also, the contribution of heat diffusion from the il through the substrate and from the film to the
normal metal contacts is evaluated. The intrinsic conversion gain and the noise temperature have been
caleulated as functions of the device size, substrate material, and ambient temperature. Assuming energy
fluctuations and Johnson noise to be the main sowrces of noise, a single sideband (SSB) mixer noise
temperature of less than 2000 K is predicted. For our modeled device, the conversion efticieney at an 11 of

2.5 GHzis- 10 dB or better and the required local oscillator (1.0) power is less than 5 HW.
1. Introduction
The superconductive HEB is presently considered the most promising heterodyne mixer device for the

terahertz, frequency range. Recent experiments with o Nb HEB mixer demonstrated a 560 K DSB noise

temperature at 333 Gz and should remain relatively low for vl up to == 10Tz [1]. This type of mixer can
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be especially useful in space-borne applications for atmospheric rescarch if operated at elevated temperatures
where low-power mechanical cryocoolers wre readily available and where requirements for a low 1.0 power
are critical. For such an application, a HER deviee made from a thin YBCO film can be used. The
fabrication technology for such films has been significantly improved since the discovery ol high-T,
superconductivity. Now, ultrathin {ilms having « thickness  down o a few unit celis have been
successfully fabricated |2- 6]. The critical teiperatwe 70> 85 K and superconducting transition widih
61 .= 1-2 K are typical for films with ¢ > 10 nm, and a critical current density j. = §x10% Adem? was
observed in 10 nm thick films at 77 K [6]. Fabnication of superconducting structures made from YBCO
with in-planc sizes 100 500 nm has also been demonstrated J7- 11, Critical curtent densities as Jarge as
5x10® AJem? have been measured in 200 nm wide superconducting lines [12]. A variety of materials (e.g.
MeO, 1LaAlO5, NdGaOs, YSZ) have been Tound 1o provide a moderate diclectric constant and epitaxial
YBCO fihn growth. Also, the use ol bufler fayers allows growth of YBCO films on silicon and sapphire
(YSZ bufler Layer for Si and CeO, for sapphire). With such promising filim growth technology, it becomes
important for us 1o now examine the theoretical issues involved in designing optimum devices.

In contrast to slow bulk bolometric detectors, a HEB mixer can operate with a high intermediate
frequencey (1H) of the order of several gigahertz, and under appropriate 1.0 power (typically of order of pW
for sibmicron devices). This sets quite different irom delector device criteria for mixer device optimization.
In this paper we give a detailed analysis of the thermal processes important for good HEB  nmixer
performance. Within the framework of a model which includes the temperature of both the clectrons and

phonons, expressions for mixer conversion cfficiency. and 11 impedance have been derived and analyzed at

Iy 2.5 Gz, The contributions of both electron temperature fluctuations and Johnson noise in the mixer

noisc temperature have been investigated as functions of de and 1.O power. Also, the requircments for the
substrate thermal conductivity in velationship (o the device in-plane size have been determined. A SSB noise
temperature <2000 K should be achievable Tor an optimized device.

The model developed here is required for optimization of a YBCO HEB mixer for potential use in a
heteradyne receiver to observe O at 2512 Gllz in the upper atmosphere. This receiver is part of NASA's
Larth Observing System Microwave Limb Sounder instrument. An 11 of 2.5 Gllz is desied 10
simultancously observe the doublet O lines. The mixer will employ a planar twin-slot antenna on an

clliptical silicon lens. A complete description of the experimental details will be given at a later date,



I. Nonequilibrium Photorespon and Thermal Relaxation in

YBCO Film

The origin of a fast non-cquilibrivm photoresponse in high-T. YBCO films has been studied for a
number of years. Recent time-domain | 3] d frequency-domain [14,15] measurements demonstiate that the

resistive response (o radiation can be adequately described in terms of relaxation of the electron temperature

', via interaction with phonons with a characteristic time T, of -2 ps at 80 90 K, and of a slower

relaxation of the phonon temperature 1

- The time constant of the later quantity depends on the filn size

HEDB is determined

and substrate matertal. One should point out that the mixer r sponse time in a Jow-]

is much shorter, i.c. the phonons

by 7, only, since the escape time o phonons in ~10 nm thick filn

remain in cquilibriom with a heat sink

The principal heat removal processes for a high-T_ device are shown in a flow diagram in Fig. 1. The
nonequilibrium clectrons heated by the absorbed rf radiation and de transport current give their energy to
shonons during a very short clectron-phonon cnergy relaxation time 7, 2 ps. The electron diffusion
mechanism of heat transport which is espectally important in submicron Nb HEB nuxers | ] 1s much less
significant in YBCO films. Hven a very optimistic estimate of the clectron di Tusivity D = 0.015 cm’/s
1A (this is a typical experimental value of a total diffusivity in the a b plane of oriented YBCO films at
90 K) gives a corresponding diffusion length 1) = n DT, = 56 nm. which is much smaller than any
realistic device size.

The nonequilibrium phonons Ieave the film cither through the film-substrate boundary or by diffusing
to the normal metal contacts. The phonon escape Lo the substrate is influenced by an acoustic mismateh,
i.c., by the thermal boundary resistance Ry = T /¢pd), where 7,0 is the phonon escape time and ¢, 1s the
phonon specitic heat per unit volume. The value of Ry, 15 fairly constant in the temperature range 70 100 K
and has been measured for various substrates. One of the lowest reported values of Ry, is S}<107 em’K/w
for MgO substrates 116,17], giving 7.~ 33d ps for d in nm. Such values of 7., have been directly

measured in-a number of experiments [15-19]. The diffusion time of phonons (0 the contacts can he

. > ? . .
estimated as Tgip = 474 D), where L is the device length. One can see that Tyir 7 Toy When L= 0.1 pm




and o = 10 nm, Vor longer samples the diffusion time imcreases rapidly. In general, the effective ime of
-

phonon escape is 7, = ﬂm,,,_ A ﬁ:_\

ﬁ! ———

normal metal normal  metal
)
contact w: contact

Fig. 1. Flov-diagram of elenientary processes in YBCO fili: clectrons (¢) absorbing rf power I’ counle 1o
\ . ) : . &1 ¥

phonons (ph) during T, then phonons can cither diffuse 1o the comtacts or escape to the substrate

and diffisse avay.

Yet another thermal process aftecting the microbridge thermal relaxation speed and the total thermat
resistance is the diffusion of heat in the substrate. 1f the characteristic in-planc device size 1. is chosen to be

much smaller than the substrate thickness d. the effective thermal resistance of the substrate is found as

120]:

where K is the thermal conductivity of the substrate, « is the equivalent radius of the device wea through

which heat flows into the substrate, /1, = /\C.,.\Aa,\v is the effective length of diffusion at modulation

Irequency /0 D is the phonon diffusivity of the substrate, and S is the device area. For a device with asquare
shape and a side 1, a = \\\)\w. Although the total thernal resistance, R, decreases, the thermal resistance

. 2 . e .
perunit arca, R /L7, becomes larger if the device has larger area




‘The optimization of the total therimal resistance between an electron subsystem and o heat sink as well
as its modulation frequency dependence is quite important for the TTEB mixer operation. A rule of thumb is
that the thermal resistance should be made as low as possible and its frequency dependence should be as flat
as possible. The minimum: thermal resistance determines the maximum 1.0 power contributing to the 11
signal. A pronounced frequency dependence of the thermal resistance generally yields a loss of power at the
17 ol interest with respect 1o the maximum attainable conversion efficiency at a zero 1. The contributions

from thermal boundary resistance and from the substrate will be compared in the following section.

IIl. conversion Gain and IFFImpedance in aTwo-Tem perature

Model.

Iy contrast 1o a tow-T HEB mixer, a high-"F HEB mixer cannot be described in terms of the electron
temperature only. This is because at temperatures ~ 90 K- the phonon heat capacity is always much targer
than that of the clectrons. A more appropriate approach [21] makes use of a “two-temperature” model
deseribing the dynamics of the clectron and phonon temperatures which are both different {rom  the
temperature of the heat sink. This is the approach we use here.,

The coupled dilTerential equations for the electron and phonon temperatures are given in [22]. The

following spectrum of the clectron temperature was obtained:

2
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where o is the of coupling factor, P, is the amplitude of the incidentrf power, and ¢, is the electron specific

heat of the film. 7., 7,, and T, arc given by the following formulas:
o b 2 &




In YBCO 17, is so short that 7, « T, This condition, along with Cp? Con allows one to simplify

lign’s. 3:

Ty = T, 1,51 “)

o cs Q@ P

and obtain the following spectrum of the electron temperature:
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This frequency dependence for a response in thin YBCO films was observed in recent optical mixing
experiments at A= 1.54 um [21] and A = 9.6 pm [23].

From lig. 5 one can obtain the effective thermal resistance between electrons and substrate:
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. T -|<(~;~’(’,«-I,)r” { I (| » o e 1 (m T)
]\1,, R v . S, 51 [T(, (( oV ) | /\/,/S] 5 S 0)
e [H (o1,) ]‘H (o1,) } [1»1 (wr,) HH ((:)r,,s)'J
and the total thermal resistance to the bath is
\)l(:l N R('-.\ * ]‘).\' (N

Figure 2 shows the behavior of R, R,

, and R, for two widely used substrates (MgO and ],u/\l()}) wxd
two device sizes (L= 10 um and L= 1 pm). The YBCO film thickness is 1 nivin all cases. Rs
dominates for poor thermal conducting substrate, large device sizes, and low 11 (c.g. 1aAlO; for 1. = 10
1), We should point out that FEq. 7 underestimates the total thermal resistance since the reverse flow of
phonons from the substrate o the YBCO f{ilm is not taken into account. The effect should be larger for
larger device arcas and Jower substrate thermal conductivity. Nevertheless, it is believed  (hat MgO

substrates, where R« R are nearly ideal. 8¢ becomes negligible for submicron-size devices and will not

be considered in the following analysis. We will also not consider the heat dilfusion to the contacts. This




process can reduce the total thermal resistance of & 0.1 pn Tong device. However, even without this

mechanism good mixer performance is predicted,

Table 1. Physical parameters of YBCO and some substrates ai ~ 90 K.

YRCO MgO FaAIO, YSZ. sapphire Y/\l()i
co TK em™ 0.025
¢ TR e’ 0.64 0.53 0.40 0.70 0.39
Kow ok em! 0.015 3.4 0.35 0.015 0.4 0.2-0.4"
Ry, K em” W 5.0x10- LOx107 N/A 11X10-3
& 10 24 28 I 16
an 8 Tx10°° 10 axio ax10°° 1X10-5

Y this w ork

For use in a practical 2.5 Tz receiver, the substrate must also exhibit low o absorption. We have
measured MgO, YAIO3 and sapphire at 77 K in a Fourier transform spectrometer and found them to have
acceptable rf transparency. The physical constants for YBCO and a number of useful substrates at 90 K e
given in Table 1.

Fquations 2 and 5 were obtained asstming no sell-heating effects in the superconducting {ilm (smatl
de current) and a simple, lincar (with respect to the electron temperature shift) dependence for the heat flow
from clectrons to phonons. "The Tatter assumption is applicable for only small differences between 77, and

'I'/,. It has been found experimentally that in YBCO f{ilms, 7, ~ 7! [24], hence the heat flow from

¢
3

5,

. . g 3
clectrons to phonons is actually proportional to (7,7- Il’

Here we discuss the more realistic situation where the device is so far from equilibrium that one can
neglect neither the non-lincarity in the heat conductance (strong pumping), nor the sell-heating caused by

transport current. We also include in the model the feedback effect from the 1F Joad influencing the

conversion mixer gain and modifying the mixer bandwidth [25).
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Iig 2. Thermal resistance in 1 YBCO film-substrate SYSIem.
We start with the following dynamic equations:
AV 1 v, o 8
d\ e T Ap )T , H A a)
cav (o) S (- 81
) d\fe ~ Tp )T y\. A po (8b)
f\\

Here 'V, is the volume of the microbridge, A is the constant characterizing the strength of the clectron-
phonon coupling, which scales as A = (1, 37) (yis the Sommerfeld constant), and V,, an 7 are the bias

voltage and current, respectively. Since we are interested in a periodic solution, the following substitutions

o] e e g y o
can be made P Py 4 pel™ 1.2 T T.e!™, 1, =

p0 ‘\.\x.::f Vi, s Vol Sx..::\, I g+ ol




;A:\ )Ii y ; i i
R= Ry Re/™ ) where P, T, 1, Vo £, and R oare the complex amplitudes of the cor

quantities. FEgn’s. 8 is now split into two systems:

for the de values

3 73 -
AV T - Tho A oV 1y = 0 (Va)

av(rd 3N S g g (9b)
d{ e po R, 0O >

and for the st harmonics

WA 10V, Vil al (102)

.\.:x.q 4 \w>\~w_ a\lw\zp - w\:\l,\t:

Joc, 4, [T, AT, = AT, (10b)

Substiuting 7, from Eq. 10b into g 10a we obtain:
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where R, = S\w is the N Joad resistance, and Ry, =V, /1, is the de resistance of the device. Jsing the

relationships: ,;\VA_._ kc\tsv” IoR and R: Am\k\m\:‘vﬁ, onc  can  also  show  that
\,N : «\\A_ 1 z\h\.v\fcm \,,\m\#v. Then the for the HEB detector voltage responsivity can be
obtained:

: ~ [~ oaC R I+ jor

Sp:v/pe T 40T0 . (12)
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e T 2 , . Ry R .
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Once can verily that in the low temperature limit, when 7, « 1, «1, the frequency dependent term in
the product given by Fq. 13 15 reduces o |]4‘1mr(/|]4 C(Ry Ry AR A /\'1,)” , giving the expression

previously obtained in [25].

Postulating that the IF impedance Z(w) = Ry 4 (() R, ) - and using Lign’s. 8, one can obtain

10/ Tee - @ 1,704 jo(T, 1 70) ] (14 /mr())

Z(w): R . (14)

et

[10/1(,‘\ S @t o4 jolt, 1 1) (14 jory)

which coincides in the Tow-temperature limit with the following expression from {26]:

w
o
Z(w)- HC ! (Is)
1- ¢ - oo
1- C

V. Noise Temperature.

The expression for the noise temperature due (o the electron temperature fluctuations of a low-T', HEB
mixer was given in [26]. 1t was also shown that this quantity does not depend on the conversion gain, i.ce. it
is fairly universal. We believe it is applicable for a high-T. HEB mixer, and the corresponding SSB noise

lemperature contribution is given by:

IR
210G,

m 2.,
o1y, (16)

. 02
where G, = 3AV /17 is the thermal conductance between electrons and phonons.
The contribution of Johnson noise should be evaluated by taking into account the enhancement of the

noise due 1o the self-heating in a bolometer. Simply, one can use the equivalent noise circuit introduced in

[27] (see Fig. 3). Pollowing [26,27], we assume that the classical Johnson noise source ¢ - \/41\',;1\"1;

must appear twice in the bolometer equivalent circuit. Sowee F7 = ¢, acts simply as a voltage source in

[0




series with the bolometer impedance Z(w). The sowmce 122 = ¢ 2 is placed to lake into account the output
noise enhancement caused by the self-detection of the Johnson noise in the bolometer. The impedance 7,
represents the bolometer reactance due Lo its thermalinettian and sell’-lica(inp contribution. 7 is chosento
agree with Hey. 14 for the bolometer 1H impedance. After passing the frequency dependent imped ance 7, a
“white” noise ¢ ; becomes frequency dependentat the load R The corresponding expression for the mist
temperature is obtained by dividing the mist power dissipated in the load by the conversion gain givenin
Fq. 130 A relatively simple expression has been obtainedfotalow-T, HEB mixer [206]. However, for the
high-T . case the expression turns o be very cumbersome, therefore we justcaleulate the noise temperature

numerically.

Bolometer

[ — = = = = = = = = - =

| Load

I'ig. 3. Equivalent circuit for calculations of the Johnson noise temperature in a bolomeier.
V. Numerical Results.

Contour plots in Fig. 4 represent the results of simulations of the HEB mixer SSB noisce
temperature, 7y, (Fig. 4a), and its components: due to clectron temperature fluctuations, 'I',;/,‘," (Iig. 4b),
and duc to Johnson noise ’I',gl, (Fig. 4¢) at fy; = 2.5 GHz. Parameters are chosen which represent realistic
estimates for a device 1o be used in practical cryocooled mixer applications: an arca of 0.1x0.1 ;un?, a

=85 K, 67, = 2 K, normal resistance R, = 400 €, and an operating temperature

thickness of 10 nm, 7,

of T'= 66 K. A coupling factor ¢ was chosen to be 1 for simplicity (o will depend on the details of the

I



planar antenna and optics), so I’ designates the absorbed 1O power. Figure 4d shows the SSB mixer
conversion efficiency under the same conditions, and Vig. de shows the device de resistance. The contours
in Figs. 4 are plotied versus de and 1.0 power since these are two imiportant and experimentally variable
parameters for a planar mixer. With the given de and 1O power scales, the top right corner of all plots
corresponds to the normal state, the bottom left comner corresponds 10 a nearly superconducting state. At
both of these edges the noise temperature is very high. In the superconducting state, where the 1.O power is
lTow, 'I',;’/" is high. In the normal state, where the conversion loss 1s very high, IA/, is high. Just at the
middle of the resistive transition, the noise temperature reaches its minimum  value (~1000 K). Figure 5
shows the behavior of the noise temperature in the vicinity of the minimumn. Figure 6a shows the 11
spectra of the conversion gain and the IF impedance. 10 is interesting 1o point out that a negative differential
de resistance 7, turns into positive real impedance of about 230 €2 at 2.5 GHz. The conversion efficiency at
this frequency is still high (4 0.36 dB). The combination of the paramcters at the optimmum point is given
in Table 2 (point 1). Negative resistance is not a necessary condition for high conversion efficiency or low
noise emperature. For example, the operating point at slighty higher 1.O power (just above the middle of
the superconducting transition) yields a 1300 K noise temperature (Table 2, point 2} and a positive real part
of the ¥ impedance at all frequencies (see Fig. Gb),

Our model does not predict any degradation of the device noise performance if the device size 1 s
made larger. The only parameters which change are 1.0 power and de power. They simply scale as the device
arca, i.c. l’;"Z/ = 20017 MW (1 is in nm). The effect of the device thickness is more complicated, since not
only the dissipated power, but also the total thermal resistance is being changed with the thickness. Figure
7 shows the dependence of the miniimum noise temperature vs device thickness. The device arca is 0.1x0. 1
;lm? and the normal resistance increases as 1/d. One can see that 7y, is an almost lincar function of 4,
whereas 7 ) saturates with thickness. This is hecause 7, 'I'], becomes smaller for larger d (sce Hq. 8b), and,
therefore, the total thermal resistance is dominated by phonon escape (i.e. by Rp). 1t means that for large
thickness, an optimal mixing clectron  temperature is reached with the same power dissipated in the device.
In Ibis casc the shift of electrontemperature causedby 1.0 power is very smalland the optimal 1.0 power is

determined by only thermal boundary resistance K, and docs not depend on d.

1?
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Anincrease of the operating temperature 7' causes a degradation of the mixer noise lemperature because
ol a decrease of the optimal 1 .() power. A setof parameters for 7= 77 Kiis givenin Table 2 (point 3). One
cansee the minimum noise temperature is = 3 times higher thanfor 7= 66 K. An advantage, hOwever, is

that the differential resistance al the optimum point is paositive,

Table 2. Parameters of the ttiret at different operating points.

Poimt 7,, K Pron BW P, W R, Q 1.dB Zys Q2 7(2.5G17), Q 7..K
\ 1100 1.9 20 187 0.30 -1000” 234-126] 84.9
2 1300” 2.0 20 329 9.3 936 367-00j 85.8
3 3000 0.7 10 19s 4.7 1000 225-01] 85
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V1. Conclusion.

We have developed a comprehensive mode! of thermal processes ina high-To HEB mixer. 1€ was
shown that the heat conductance from clectron to phonons and escape of phonons through the film/substrate
interface are the most critical processes in determining the device response and sensitivity. Using a two-
temperature model, all important mixer parameters were caleutated and studied for a practical range of
conditions needed for a 2.5 THz heterodyne receiver for OH measurements. The effects of device size and of
heat sink temperature have been evaluated. 10 was demonstrated that a submicron-size device made of a 10
nim thick film can have a very low noise temperature (~ 1000 K) and require only microwatts of 1.O power.
These combination of parameters are very favorable for space-borne heterodyne instruments operating. at
terahertz frequencics

The rescarch deseribed in this paper was petformed by the Center for Space  Microclectronics
Technology, Jet Propulsion Laboratory, Calitornia Institute of Yechnology, and was sponsored by the
National Acronautics and Space Administration, Office of Mission to Planct Earth, and the Office of Space

Access and Technology.
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